Furthermore, daily maximum water temperature at 1050 m downstream was ≤ 1 °C cooler 23 than at the upstream reach boundary and lagged by > 1 hour. Temperature gradients were not 24 generated by cooling of stream water, but rather by a combination of reduced rates of heating 25 in the woodland reach and advection of cooler (overnight and early morning) water from the 26 upstream moorland catchment. Longitudinal thermal gradients were indistinct at night and on 27 days when net radiation gains were low (under over-cast skies), thus when changes in net 28 energy gains or losses did not vary significantly in space and time, and heat advected into the 29 reach was reasonably consistent. The findings of the study and the modelling approach 30 employed are useful tools for assessing optimal planting strategies for mitigating against 31 ecologically damaging stream temperature maxima. 32 3
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INTRODUCTION
The specific objectives are: 39 1. To quantify the magnitude of instantaneous longitudinal water temperature gradients 40 within the reach and identify the meteorological conditions under which the strongest 41 and weakest gradients occur. 42 2. To explore the effect of changing riparian vegetation density on heat fluxes within the 1 reach. 2 3. To understand, using a simple flow routing model in conjunction with a Lagrangian 3 water temperature model, how water temperature changes as it travels through the 4 forested reach and attribute this to underlying processes. 5 AREA 6 A 1050 m study reach with no tributary inputs was established within Glen Girnock, an 7 upland basin that drains into the Aberdeenshire Dee, northeast Scotland. Upstream of the 8 reach (~ 24 km 2 ), landuse is dominated by heather (Calluna) moorland. Within the reach 9
STUDY
landuse transitions from open moorland to semi-natural forest composed of birch (Betula), 10 Scots pine (Pinus), alder (Alnus) and willow (Salix) (Imholt et al., 2012). 11
Full details of the Girnock catchment characteristics are found in Tetzlaff et al. (2007) . In 12 brief, soils are composed primarily of peaty podsols with a lesser coverage of peaty gleys. 13
Granite at higher elevations and schists at lower elevations dominate the geology, both of week in the preceding ten years) and extremely low flows (i.e. < average minimum flows for 7 this week in the preceding ten years) was chosen to meet the aims of the study ( Figure 2 ). 8
High energy gains occurred on six days and relatively low energy gains occurred on one day. 9
These data allowed assessment of: (1) 4). were taken on the same day during which sky conditions were consistently overcast. Using 23 equations in Iqbal (1983), the solar zenith and azimuth angles were computed as a function of 24 time, t, so that the canopy gap at the location of the sun's disk could be derived from g*(θ, ψ) 25 as a function of time g(t). Sky view factor was computed as: 26
(Equation 5) 28
The double integral was approximated by summation using an interval of 5° for both solar 29 zenith and azimuth angles (after Leach and Moore, 2010 
Vapour pressure of water (e w ) was assumed to be equal to e sat (T w ). Vapour pressure of air was 5 calculated using Equation 8. 6
Sensible heat (Equation 9) was calculated as a function of latent heat (Equation 6) and Bowen 8 ratio (β) (Equation 10), where P is air pressure (kPa). 9
Modelling approaches 12

Statistical models 13
Spatial (and temporal) variability in canopy density (and net energy flux) was extremely high. 14 Therefore, in order to characterise broad patterns in space (and time) generalised additive 15 models (GAMs; Hastie and Tibshirani, 1986) were used to provide continuous smoothed 16 estimates of the variability in each dataset. GAMs were fitted in the MGCV package (Wood, 17 2006; version 1. and predicted the distance travelled by water parcels at 15-minute intervals. In combination 4
with the dataset of spatio-temporally distributed water temperature observations, the model 5 also identified the temperature of distinct water volumes at 15-minute intervals. 6
The model released water from AWS open at the start of every hour on each day of the study 7 period. For each parcel of water (i) the distance travelled in 15 minutes from its initial 8 location (x) to the next location (x+1) was calculated as the product of the length of the 9 timestep (Δt, i.e. 900 seconds) and the average velocity at times t and t+Δt. The temperature 10 of the parcel at location x+1 and time t+Δt was determined by linear interpolation (to the 11 nearest 1 m) between measurements at 15 minute intervals and between temperature loggers, 12 respectively. 
Sensitivity analysis 3
With the exception of the threshold value applied to the hemispherical images (see Section  4 3.3.2) no site-specific parameters were used for water temperature modelling. A sensitivity 5 analysis was conducted on the image threshold parameter to assess its influence on water 6 temperature model output. Time series of incident shortwave radiation modelled at AWS FUS 7 using the assumed maximum (i.e. 190) and minimum (i.e. 120) thresholds were retained 8 during the procedure described in Section 3.3.2. Percentage changes in incident shortwave 9 radiation between the optimum (130) and assumed maximum and minimum values were 10 calculated for 15 minute intervals across the entire study period. The percentage changes 11 associated with the upper and lower thresholds were used to generate two datasets of incident 12
shortwave radiation representative of potential maximum and minimum values. This assumed 13 that percentage changes calculated at AWS FUS were representative of changes throughout the 14 entire reach; this was a reasonable assumption given that all photographs were taken on the 15 same day, during which sky conditions remained overcast. To quantify the effect of the 16 threshold on model outputs, two additional model runs were performed for each water parcel 17 released from AWS Open using each of these datasets of incident solar radiation. 18
RESULTS 19
Results are presented in four sections: (1) prevailing hydrological and weather conditions, (2) 20 observed spatio-temporal water temperature patterns, (3) riparian canopy density and net 21 energy flux patterns, and (4) modelled spatio-temporal water temperature patterns. 22 Figure 2 ). On 02/07 net energy gains were markedly lower due to overcast skies and 29 associated low solar radiation receipt ( Figure 2 ). This data window allowed investigation of 30 the influence of contrasting energy gain conditions (i.e. low versus high net energy gain) on 31 the spatio-temporal variability of water temperature and energy flux. 32
Prevailing hydrological and weather conditions
Observed spatio-temporal water temperature patterns 33
Instantaneous longitudinal temperature gradients occurred frequently throughout the entire 34 monitoring period (Figure 3 ). Gradients were greatest in spring and summer months during 35 which time warming gradients were much smaller (< 0.5 °C) than cooling gradients (≤ 2.5 36 °C). Gradients were especially large during the chosen 7-day study period. 37
During the study period, minimum daily water temperature was the same at both AWS Open 38 and AWS FDS (9.8 °C) but maximum temperature was higher at AWS Open During the night, small and temporally consistent differences in net energy occurred within 39 the reach (Figure 6b ). Net energy losses were greatest at AWS Open and declined up until 400 40 m before stabilising and increasing again between 800 m and 1050 m, yet spatial variability 1 was markedly reduced in comparison to daytime conditions on 01/07, and 03/07-07/07. 2
Modelled spatio-temporal water temperature patterns 3
The flow routing model (and associated observations of the temperature of water parcels as 4 they travelled through the reach) was evaluated by predicting the change in temperature of 5 water parcels (using the water temperature model). Temperature changes over the reach were 6 compared with those predicted for water leaving AWS open (0 m, the upstream boundary of the 7 reach) at 06:00, 07:00, 08:00 and 09:00 GMT. Water parcels released at these times were 8 associated with the greatest observed instantaneous cooling gradients on arrival at the 9 downstream reach boundary. (Figure 8) . 23
Using the flow routing model, the time taken for water to travel 1050 m through the reach 24 from AWS Open to AWS FDS averaged 7.5 hours. Typically, water travelling from the upstream 25 boundary of the reach between 01:00 and 12:00 GMT warmed as it travelled through the 26 reach while water beginning its journey through the reach between 13:00 GMT and 00:00 27 GMT cooled (Figure 8 Instead, water can warm as it travels downstream but cooling gradients may be generated 22 when the temperature of water advected into the reach increases over the day, while this 23 water is subsequently heated minimally while flowing beneath the forested canopy. 24
Our results suggest that the following alternative process conceptualisation may generate 25 spatio-temporal water temperature patterns in the absence of groundwater inflows on: (i) a 26 clear sky day and (ii) an overcast sky day. On clear sky days, net energy fluxes increase 27 reasonably consistently between sunrise and solar noon, driven by increasing solar radiation 28 receipt. Consequently, the temperature of water crossing the upstream boundary of the study 29 reach between sunrise and solar noon increases continually (i.e. more heat is advected into 30 the reach) (Westhoff et al., 2010) . On entering the forest, water temperature continues to 31 increase but at a much reduced rate (Rutherford et al., 2004) , as solar radiation and thus net 32 energy are reduced considerably. Consequently, when net energy gains occur, water flowing 33 through the forest is consistently cooler than water travelling through the upper reach and 34 moorland during the same time. On overcast days, net energy gains increase little between 35 sunrise and solar noon and differences in net energy gains between moorland and forested 36 sites are minimal. Therefore, the temperature of water crossing the upstream reach boundary 37 changes little over the day (i.e. heat advected into the reach is reasonably constant) and water 38 temperature changes at similar rates whether flowing through forest or moorland. 39
Consequently, minor differences in water temperature are observed throughout the reach. 40
Limitations 41
Models are always simplifications of reality and therefore must incorporate assumptions 1 (Westhoff et al., 2011 is not considered to have been a major control on the longitudinal patterns observed in this 24 study since: (1) downstream longitudinal gradients observed at night were very small (i.e. < 25 0.5 °C) cf. daytime, (2) there was no consistent over-prediction of water temperature during 26 daylight hours, and (3) bed heat flux was minimal at the three sites at which it was measured. 27
However, it is possible that model errors were due to poor representation of spatially 28 heterogeneous hyporheic exchange, providing that hyporheic residence times were sufficient 29 to alter the temperature of re-emerging hyporheic water relative to surface water. Improved 30 representation of hyporheic exchange processes would involve quantifying: (1) exchange 31 rates and volumes, (2) residence times, (3) flowpath length and depth, and (4) Girnock Burn, where upstream landuse does not shade the channel, instantaneous 4 longitudinal cooling gradients are generated when the temperature of water advected into the 5 reach increases over the day, while temperature increases are minimal for the water flowing 6 beneath the forest canopy. This study was conducted under a 'worst case scenario' of low 7 flows and high energy gains; thus under these extreme conditions, cooler stream refugia are 8 anticipated to be present under forest canopies during daylight hours, but warming of the 9 water column upstream of the forest will also control absolute water temperatures. Therefore 10 shading headwater reaches, where water is not in dynamic equilibrium with the atmosphere 11 (e.g. Grey envelopes demonstrate the influence of the threshold parameter used to convert 26 hemispherical photographs to binary images prior to incident solar radiation modelling. 27
Lower bound is representative of the maximum threshold value; upper bound is 28 representative of the minimum threshold value. 29 (a)
